Centrosome duplication is controlled in a cell cycle-specific manner and occurs once every cell cycle, thereby ensuring the balanced segregation of chromosomes during the mitotic phase. Numerical or structural abnormalities can arise in the centrosomes of malignant cells. Under defective cell cycle checkpoint systems, cancer cells with abnormal centrosomes can survive and re-enter the cell cycle, promoting unbalanced chromosome segregation and genetic instability. We investigated the centrosome aberrations in 33 patients diagnosed with hepatocellular carcinoma (HCC), using fluorescent pericentrin immunostaining. We also studied the p53 mutation, proliferative activity, and DNA ploidy in these cases. In normal hepatocytes, one centrosome was identified per cell as a round dot, usually in the vicinity of the nuclear membrane. However, in cancer cells from HCC tissue, several patterns of centrosome abnormalities occurred, including supernumerary centrosomes and centrosomes with an abnormal shape and size. Although the frequency of abnormal centrosomes in each tissue was relatively low compared with previous reports in other cancers, nevertheless, centrosome aberration was found in 30 out of 33 HCC tissues. The percentage of tumor cells with abnormal centrosomes was significantly higher in the nondiploid tumors (15.8715.9%) than in the diploid tumors (5.475.1%) (Po0.05), and tended to be higher in the tumors with p53 mutation (11.6713.1%) than in those with wild-type p53 (5.676.8%). Furthermore, 82% of nondiploid tumors exhibited p53 mutation, whereas only 41% of diploid tumors showed p53 mutation. The percentage of tumor cells with centrosome abnormalities were not related to tumor stage, size or proliferative activity. Therefore, our results indicate that hepatic cancer cells, under centrosome aberration and a defective checkpoint system possibly caused by p53 mutation, have the potential for genetic instability and aggressive behavior. This potential effect occurs irrespective of the tumor size or stage.
The centrosome represents the microtubule-organizing center of the cell. It consists of a pair of centrioles, oriented at right angles to each other, and the surrounding pericentriolar material. In the G 0 phase of the cell cycle in animals, there is one centrosome in each cell. Centrosome duplication occurs only once during each cell cycle and is a highly regulated process. It is initiated at the G 1 /S boundary and is completed during the G 2 phase. In normal cells, the duplicated centrosomes then migrate to opposite ends of the cell to serve as two mitotic spindle poles just before mitosis. This process ensures the balanced segregation of chromosomes during the mitotic phase. 1, 2 Abnormal centrosomes have been identified in malignant cells and can result in the assembly of aberrant mitotic spindles, leading to abnormal segregation of chromosomes during the mitotic phase. [2] [3] [4] [5] This unbalanced segregation of chromosomes, concomitant with the activation of oncogenes and the loss of control of tumor suppressor genes, is involved in the initial stages of tumorigenesis.
Unbalanced segregation of chromosomes is also involved in tumor progression and in the development of a metastatic potential. 2, 3 In particular, the loss or mutation of the p53 tumor suppressor gene, the most commonly mutated gene in human cancers, has important consequences on mitotic fidelity. One of the normal roles of p53 is to inhibit or block cell proliferation when damaged DNA is present. It has been shown that the loss of this crucial p53 tumor suppressor function induces abnormal amplification of centrosomes through an obligate failure of the G 1 /S and G 2 /M checkpoint systems that would normally prevent tetraploid cells from re-entering the cell cycle. [6] [7] [8] [9] Thus, as p53 loss can contribute to the propagation of damaged DNA in daughter cells through the inability to prevent the transmission of inaccurate genetic material, it is considered to be one of the major mechanisms for the emergence of aneuploidy in tumors with inactivated p53 protein. 10, 11 However, there are only a few reports on the relationship between p53 inactivation and centrosome aberration among clinical cases of cancers. 12, 13 In human hepatocellular carcinoma (HCC), functional loss of p53 is frequently observed in the advanced stage and in histologically poorly differentiated tissues.
14 However, to date, there have been no reports of centrosome abnormalities in clinical cases of HCC. In this paper, we report for the first time centrosome aberrations in HCC and their relationship with p53 status and DNA ploidy. Secondly, we report the associations between the centrosome status and clinicopathological features of this disease.
Materials and methods

Sample Preparation
In all, 33 samples of HCC-containing tissue were obtained under general anesthesia from 21 male and 12 female patients who were previously diagnosed with this cancer. The patients were 61.977.8 (mean7S.D.) years old and none had received preoperative chemotherapy. Eight patients were serologically positive for hepatitis B surface antigen (HBs-Ag) only, 23 were positive for antihepatitis C antibody (HCV-Ab) only, and two were positive for both HBs-Ag and HCV-Ab. According to the tumor node metastasis (TNM) staging system for HCC, four patients were classified as stage I, 19 as stage II, eight as stage III and two as stage IV. Controls for this study were histologically normal liver tissues from five patients who had undergone partial hepatectomy for metastatic liver cancer. Written, informed consent was obtained from all patients.
Each sample was fixed with 4% buffered paraformaldehyde at 41C overnight and embedded in paraffin. Three sections, each of 4 mm thickness, and one 60 mm-thick section, were cut serially from each paraffin block. The 4 mm-thick sections were used for hematoxylin and eosin (HE) staining, and immunohistochemical staining for aberrant p53 protein, Ki-67 antigen to assess proliferative activity, and pericentrin to assess centrosome abnormality. 4, 15 The 60 mm-thick section was used for DNA ploidy analysis.
Immunohistochemistry for Aberrant p53 Protein, Ki-67 Antigen and Pericentrin After deparaffinization, the 4 mm-thick sections were immersed in tap water and then preincubated with 2% fetal bovine serum (FBS) diluted in Tris-buffered saline (TBS) at room temperature for 10 min. Immunohistochemical analysis of aberrant p53 protein was performed by the streptavidin-biotinperoxidase method, on one 4 mm section using antip53 monoclonal antibody (DO-7; DAKO, Kyoto, Japan) as the primary antibody after autoclaving in 10 mM citrate buffer (pH 6.0) for 10 min at 1201C. The slide was lightly counterstained with hematoxylin. We regarded p53 to be overexpressed when the positive cancer cell rate was greater than 10% after blindly scoring 1000-2000 tumor cells. Ki-67 antigen was detected also by the streptavidin-biotinperoxidase method using the second 4 mm section and anti-Ki67 monoclonal antibody (MIB-1; Immunotech, Marseille, France) as the primary antibody. Proliferative activity was then assessed by the Ki-67-positive index (%) after blindly scoring 1000-2000 tumor cells. 16 An antipericentrin polyclonal rabbit antibody (Covance, Princeton, NJ, USA) was applied to the third 4 mm section overnight at a dilution of 1:150, after autoclaving in 10 mM citrate buffer with 0.1% Tween 20 (pH 6.0) for 10 min at 1201C. Pericentrin was detected by using fluorescein isothiocyanate (FITC)-conjugated anti-rabbit immunoglobulin (DAKO, Kyoto, Japan) as a secondary antibody, and examined with a fluorescence microscope after counterstaining with 4 0 ,6-diamidino-2-phenylindole (DAPI, Molecular Probes, Eugene, OR, USA). The original fluorescence images were preserved as digital images and analyzed, using IP Lab software (version 3.5, Scanalytics, Fairfax, VA, USA). To determine centrosome abnormalities in each section, at least 1000 cells were examined with respect to the number and diameter of pericentrin-staining dots. As previously reported, 17 centrosomes were considered to be abnormal if they met at least one of the following three criteria: (1) more than two staining spots present per cell; (2) the diameter of the centrosomes in the tumor was more than twice the diameter of those in nontumor cells; (3) the centrosomes were organized in patchy aggregates or elongated in stringlike structures greater than 3 mm in length.
DNA Ploidy Analysis
The nuclear suspensions were obtained from each 60 mm thick paraffin section by proteolytic digestion Genetic instability of hepatocellular carcinoma T Nakajima et al and homogenization, and were smeared on glass slides with an automatic smear maker (Auto Smear CF12C, Sakura Seiki, Tokyo, Japan). 18 DNA was stained with DAPI for 1 h at room temperature. The nuclear fluorescence images of more than 500 cancer cells were preserved as digital images and presented as a histogram of DNA content, using IP Lab software.
The nuclear DNA content of normal lymphocytes on the same smears was determined in order to provide an internal standard of diploid DNA content (2C). If the main peak in the DNA histogram was within 2C70.2C, the tumor was considered to be diploid, while the tumors exhibiting peaks outside this specific range were classified as nondiploid. The nondiploid tumors were further classified as either tetraploid if the peaks in more than 20% of the total number of cells were within 4C70.4C, or aneuploid if the peaks were outside either of these specific ranges.
Statistical Analysis
Statistical significance was analyzed using the Fisher's exact probability test or the Mann-Whitney U nonparametric test. Po0.05 was considered statistically significant. Spearman's correlation coefficient was used to determine whether the percentage of cells with centrosome abnormality significantly correlated with the Ki-67-positive index.
Results
Centrosomes were detected in tissue sections by the use of a polyclonal antibody to pericentrin, which is a major component of the centrosome matrix. In normal liver tissue from the control patients, one centrosome per cell was detected as a round dot, usually in the vicinity of the nuclear membrane (Figure 1a ). In the case of the HCC cells, several distinct patterns of centrosome abnormalities were detected, including supernumerary centrosomes ( Figure 1b) and centrosomes with an abnormal shape and size (Figure 1c) .
Centrosome aberrations were found in 30 out of 33 samples (91%) from the tissues of HCC patients. The percentage of tumor cells with abnormal centrosomes was significantly higher in the nondiploid tumors (15.8715.9%) than in the diploid tumors Figure  2 ), and tended to be higher in the tumors with p53 aberration (11.6713.1%) than in those with wildtype p53 (5.676.8%) (the P-value was less than 0.05 by Mann-Whitney test; when the single outlying value indicated by the arrowhead in Figure 3 was excluded, the P-value was 0.10 by one-tailed Student's t-test) (Figure 3) . With respect to the clinical stages of HCC, there was no significant difference in the percentage of tumor cells with centrosome abnormalities between stage I-II and III-IV tumors. There were no significant differences in the percentage of tumor cells with centrosome abnormalities between any of two groups based on tumor size (A: o3 cm; B: Z3 cm and o5 cm; C: Z5 cm).
To establish if cancer cells with more than two centrosomes became dominant in a tumor following frequent cell division, we studied the relationship between the percentage of tumor cells with centrosome aberrations and the cell proliferative rate as measured by the Ki-67-positive index or tumor size. However, no significant correlations were detected between any of these factors.
With regard to our investigation into the possible correlation between p53 aberration and DNA ploidy, we found that nine out of the 11 non-diploid tumors exhibited p53 aberration (82%) compared with only nine out of the 22 diploid tumors (41%). This higher frequency of p53 aberration in non-diploid compared with diploid tumors was significant (Po0.0001 by Fisher's exact probability test, Figure 4 ).
Discussion
Normal liver tissue consists mostly of hepatocytes in the G 0 , or resting, phase, that typically have only one centrosome per cell. Centrosome duplication, that facilitates the accurate division of chromosomes during mitosis, is initiated at the G 1 /S boundary and is completed during the G 2 phase, and under normal conditions will occur only once during each cell cycle. 1, 2 This process of centrosome duplication is strictly regulated and can occasionally become disturbed in malignant cells. We have reported here, for the first time, the genetic instability of HCC in Genetic instability of hepatocellular carcinoma T Nakajima et al the clinical situation, with particular respect to centrosome aberration and p53 mutation.
Fukasawa et al 19 first proposed the direct involvement of p53 inactivation in abnormal centrosome amplification. In this in vitro study, they showed that in mouse embryonic fibroblasts lacking the p53 protein, multiple copies of functionally competent centrosomes are duplicated during a single cell cycle. Furthermore, they showed that the centrosome duplication started much earlier than normal in the G 1 phase and that centrosome duplication was not controlled in a cell cycle-specific manner. In addition, it has been shown that spleen-, thymus-, and bone marrow-derived cells, as well as skin-and spleen-derived fibroblasts of p53-nullizygous (p53À/À) mice contained multiple centrosomes. 10 Thus, it appears that the loss of cell cycle-specific regulation of centrosome duplication via the absence of p53 can, in part, account for the correlation between the occurrence of aberrant centrosomes and p53 mutation. Some investigators have suggested that centrosome aberration is tumor-related since in many different types of non-neoplastic cells that have varying degrees of proliferative activity, there were no centrosome abnormalities. 4 This is supported by our result where we showed that the percentage of tumor cells with centrosome abnormalities was not correlated with the Ki-67-positive index.
In addition to direct involvement in centrosome amplification, p53 mutation also plays an indirect role. Besides mutant p53 protein, other factors are known to induce centrosome amplification such as errors in cell division which can lead to the development of hyperploid and multinucleated cells. 11, [20] [21] [22] Owing to the absence of the p53 suppressor protein, these hyperploid cells with extra centrosomes may survive and proliferate by escaping the G 1 /S and G 2 /M checkpoint systems, which normally would detect, repair or destroy cells exhibiting any chromosomal abnormality, such as ploidy. This results in the production of aneuploid progeny through unequal chromosomal segregation. 9, 11 We have shown in our study that nondiploid tumors were generally associated with p53 aberration, and that could be correlated with centrosome aberration. This confirms previous work. 23 Therefore, we speculate that liver cancer cells that have undergone centrosome amplification and p53 mutation have the potential to show genetic instability. However, because some nondiploid tumors did not show centrosome amplification and p53 mutation, it is possible that other factors are involved in genetic instability and over-riding cell cycle checkpoint systems.
In our study, genetic instability was evaluated by DNA image cytometry. We previously reported that the copy number of chromosome 17 is closely associated with DNA ploidy in HCC, as almost all (87.5%) diploid tumors showed disomy of chromosome 17 whereas all of the nondiploid tumors showed trisomy or tetrasomy. 18 Therefore, we speculate that about 10-15% of tumors diagnosed as diploid by DNA cytometry possibly harbored cells with increased copy number of chromosome 17. In addition, according to the report on the development of colorectal tumors, a few chromosomal changes were observed in some regions of diploid tumors before the emergence of nondiploidy. 24 These reports and the results of our study suggest that in some diploid tumors, centrosome aberration and p53 mutation induce a small degree of chromosome instability that is not initially manifested by a change in the pattern of DNA ploidy.
According to previous reports, the incidence of abnormal centrosomes varies among different kinds of cancers. 4, 15 Our study showed that the incidence of abnormal pericentrin in HCC was not as high as that seen in other types of cancers. The presence of abnormal pericentrin can be used as a direct measure of centrosome abnormality. 4, 15 This is consistent with the low incidence of nuclear atypia among HCCs, especially among tumors that are well or moderately differentiated. In these differentiated types of HCC, there are subtle changes in nuclear and nucleolar features, and abnormal spindle patterns such as multiple bipolar spindles and asymmetric bipolar and multipolar spindles are seen only rarely. Similarly, centrosome abnormalities have been infrequently reported among endocrine tumors of the pancreas. 25 and among prostate cancers, 15 both of which are characterized by a low incidence of nuclear atypia.
Although, the percentage of tumor cells with centrosome aberration in our cases was not as high as that seen in other cancers, nevertheless, centrosome aberration was found in almost all HCC tissues even in the early stage. In most cases, HCC tumors grow slowly in the early stages but sometimes the growth rate can accelerate in an unpredictable fashion at any stage. 26 Acceleration of the growth rate might be related to centrosome aberration, irrespective of the size and stage of the tumor, resulting in the emergence of aneuploid progeny.
